10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

DR ELISABETH STRAIN (Orcid ID : 0000-0003-2165-9544)

DR PAUL ROBERT BROOKS (Orcid ID : 0000-0002-8105-0813)

Article type “\ : Review

Handling Editor: Stephanie Januchowski-Hartley
Summary: =275

Main text:(5717

Acknowledgements: 53

References: 2089

Tables: 393

Figure legends:385

Figure no:.6

Table no: 2

Reference-noei5

Title: Eco-engineering urbamfrastructure for marine and coastal biodiversity: which
interventions have the greatest ecological benefit?

Authors: Strain E.M.A, OlabarriaC:, MayerPinto, M:s, Cumbo, V¢, Morris, R.Ls,
Bugnot,A.B.:;, Dafforn, K.A::, Heery, E, Firth, L.B:, Brooks, P, Bishop, M. J«

!Sydney Institute of Marine Science, 19 Chowder Bay Road, Mosman NSW 2088, Australia
>Departamento de Ecoloxia e Bioloxia Animal, Facultade de Ciencias do Mar, Campus

Lagoas-Marcosende, Universidade de Vigo, 36310 Vigo, Spain

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article

asdoi: 10.1111/1365-2664.12961

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/1365-2664.12961�
https://doi.org/10.1111/1365-2664.12961�

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

3Evolution and Ecology Research Centre, School of Biological, Earth and Environmental
Sciences, University of New South Wales, Sydney, NSW 2052, Australia

“Department of Biological Sciences, Macquarie University, Sydney, NSW, 2109, lisustra
>Centre for Research on Ecological Impacts of Coastal Cities, School of Life and
Environmental'Sciences, The University of Sydney, NSW 2006, Australia

® Departmént of Biology, University of Washington, Box 351800, Seattle, Washington,
98195, US

"School of;Biological and Marine Sciences, Plymouth University, Drake Circus, Plgmout
PL4 8AA, United Kingdom

8School of Biolagy and Environmental Science & UEBrth Institute, University College
Dublin, Ireland

* Email for correspondence: strain.beth@gmail.com

Running title: Eco-engineering marine urbanfrastructure

Abstract
1. Along urbanised coastlines, urbafrastructure is increasingly becoming therdieant

habitat. These structures are often poor surrogates for natural habitats, and a diversity of eco

engineering approaches have been trialled to enhance their biodiversity, witlg\sargtcess.
2. We undertook a quantitative meta-analysd qualitave review of 10%tudies to
compare the efficacy of common eengineering approaches (e.g. increasing texture,
crevices, pits, holes, elevations and habitat-forming taxa) in enhancing the bibdietsy
functional|groups of organisms, across a variety of habit&getind spatial scales.

3. All interventions, with one exception, increased the abundance or number of species of one

or more of'the functional groups considered. Nevertheless, the magnitude of eféstt var
markedly.among groups and habitat settingshénintertidal, interventions that proviie
moisture and'shade had the greatest effeth@nichness afessile and mobile organisms,

while waterretaining £atures hathe greatest effect otherichness ofish. In contrast, in

the subtidaly'smakcde depressions which provide refuge to new recruits from predators and

other environmental stressors such as waves, had higher abundances of sessile organisms

while elevatedtructureshad higher numbers and abundancefssbf The taxa that
responded mogiositivelyto eceengineeringn the intertidal were those whose body size

most closely matched the dimensions of the resulting intervention.
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4. Synthesis and applicatisnThe efficacy of eceengineering interventions varies among
habitat settings and functional groups. This indicates the importance of developing sit
specific approaches that match the target taxa and dominant stressors. Furthermore, because
different typesof intervention are effective at enhancing different groups of organisms,

ideally arangeof approaches should be applgchultaneously to maximise niche diversity

Keywords:ecaengineering interventionsytdicial structure, crevice, depressidmbitat

forming species, microhabitat, protrusion, rockpool, seedirigan infrastructure

Introduction

Of the many human activities presently contributing to habitat loss and species extinctions,
urbanisation’is‘generally considered to have one of geg@gt impacts across local to

regional scales (Lotzet al.2006; Grimmet al. 2008). Over 50% of the human population

now lives in urbanised areas (United Nations Population Fund 2007 anedlvithin 100

km of the coastline particularly heavily developed, housing over 40% of the global
population.and.60% of its largest cities (>5 million inhabitants, eirtdd. 2016a). The urban
ecological‘footprint extends beyond city boundaries and increasingly sprawls into narine a
coastal waters (Duartet al.2008). In addition to introducing pollutants, such as heavy
metals, nutrients, artificial light and sound, to marine and coastal habitats (Daoji & Daler
2004; Halperret al. 2008), urban environments introduné&astructure (DHorn et al. 2015).
This infrastructure is used for a range of purposes including coastal profecgioseawalls,
breakwatersgroynes) boating or recreational activitiés.g. marinas, piergpontoons),

supply of energy or resources (e.g. oil, gag@ms) and enhancement of fisheries yield

(e.g. artifical reefs.

Urban infrastructure impacts on natural ecosystems in a variety of ways, mgchabitat
loss and fragmentatioas well agnodification of ecological connectivitgcosystem
functioning-and‘serviceand the physica@hemical environmer(Fischer & Lindenmayer
2007; McKinney 2008; LaPoirgt al. 2015; Bishopet al.2017. The net effect is urbanised
ecosystems‘that are fundamentally different in structure and foriotibe natural habitat
which they displace (Airoldet al.2015; Gittmaret al. 2016; Heeryet al.2017).In some
instances the need for urban infrastructure may be circumvented by adding angestori
natural habitats tha&nhance biodiversity and providesential functionéSuttonGrier,

Wowk & Bamford 2015; Dethier, Toft & Shipman 2016). For example, the conservation,
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restoration and/or establishmentcofstalplants, anghellfish and coral reefs that dissipate
wave energy and stabilise shorelines may prevent the need for revetments and seawalls
(Arkemaet al.2013)and also enhandesheries productivity ash sequestration of carbon
(Barbieret al.2011). In heavily modified environments, conservation and restomation

natural habitatenay, however, not be feasible, and novel solutions are required (Hobbs,
Higgs & Harris 2009; Lundholm & Richardson 2010). Amongst these, eco-engineering — the
inclusion of ecological principles in the designdfastructure to enhance its ecological

value (Bergen, Bolton & Fridley 2001)can benefiterrestrial and marine environments

alike (Chapman & Underwood 2011; Francis & Lorimer 2011). Ideally, ecologataés

should be‘incorporated in infrastructure during the design pbdse/e greatest effediut

existing structures may also be modified to promote species of conservation, commercial or
functional interest and to enhance native biodiversity (Chapman & Blockley 2009; Bugan

al. 2011).

In terrestrial environments, green walls and roofs have been designed to enhancestigdive
restore connegtivity to certain faunal groups, and bolster desired ecosystéonunc
(Lundholm:& ‘Richardson 2010; Frasc Lorimer 2011; Braakest al. 2014). Analogous
approaches caretapplied to the design of urbarfrastructure in marine environments
(Chapman & Underwood 2011; Firgh al. 2014a). As compared to the largely horizontal and
topographically complex surdas ofnatural substrates, marine urbafrastructure typically

has vertical, smooth, surface that reduces the area for attachment and the diversity of habitat
niches for organisms, and provides fewer refuges from predators, competitors and/or
environmental stressors (Bulleri & Chapman 2010; Loke & Todd 2016). Consequently, one
of the commonly utilised techniques for eengineering marine infrastructure has been to
increase surface area and/or habitat complexity of the hard substrate at a range (@fiscales
to metres) using either additive (i.e. attachment of protruding structures) or subtractive (i.e.
drilling, removal of substrate) processes (Chapman & Underwood 2011). Additive
approachesshave utilised both abiotic substrate, and ‘seeding’ with habitategdaxa such

as barnacles, bivalves, canopy-forming algae, branching coralline algae ofegrals

Dafforn, Glashy.& Johnston 2012; Perkehkel et al. 2012; Wilkie, Bishop & O'Connor

2012; Ferset al.2013). In the marine environment, the majority of engineering to date

has been smaficale experimental additions of habitat features to existingn

infrastructures (Chapman & Underwood 2011), with relatively few attempts to incorporate

features into newrbaninfrastructures (but see Chapman & Blockley 2009, Fatthl. 2013
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129  for some exceptionsYhese interventions have had varying degrees of success in enhancing
130  native biodiversity, and in some instances may serve as ecological traps if they lead to

131  organisms utilising habitats that redubeir fithess (Hale, Treml & Swearer 2015; Hale,

132 Morrongiello & Swearer 2016). Despite this, quantitative studli¢se factors that influence

133 the efficaeyrof'such interventions in enhancing biodiversity are lacking.

134

135  The efficacy of ec@&ngineeringnterventions for enincing the biodiversity of urban

136 infrastructures is likely to vary across species and environments as well as the spatial and
137  temporal scales of the intervention. The stress gradient hypothesis prediptssttize

138  associations will be greatest in environments where biotic or abiotic stressors are greatest,
139  and weakest in environmentally benign environments (Bertness & Callaway 1994). Hence,
140  interventions that amelioratdiotic stressors such as temperature and desiccation may be
141  expectedo havelincreasinglystrong influenceacross the intertidal gradief@ateman &

142 Bishop 2017). Interventions thaeakenbiotic interactions maype most effective in

143 environments with high predator abundances, or in which competition is intense @h&apm
144  Underwood.20141; Straiet al.in review) Additionally, because responses of organisms to
145  complexityrare dependent on body size (Hacker & Steneck 1990; McAbertedtR005),

146  an organism may benefit most from an interventi@at adds microhabitats that are a similar
147  order of magnitude to its size (Kohler, Hansen & Wahl 19B8¢. effects of thenterventions

148  can also vary through time depending on the reoentand growth of the organisms, the

149  mobility of the organism and the successional stage of the comn{kimityet al.2016a).

150  For example, the effectiveness of some interventions maybelyme apparent after

151  sufficient time has elapsed for colonisation to occur (Evans 281i&ynatvely, the efficacy

152  of others maylateauover time, where seeding of structures with biogenic habitats speeds up
153  succession but does not change the endpoint after a number dffgraest al.2013).

154  Studies quantifyindnow the efficacy of theseterventionssariesacross multiple locations

155  environmentsspatialscalesandtime pointsare lacking.

156

157  In this study, we used a meataalysis and a qualitative literature review to assess sources of
158  variation in the efficacy of interventions aimedeahancing the biadersity of both new and

159  existing marine urban infrastructure through the creation of nowebhabitatsWe expected
160  that across abcaleqranging from mms to 10s of meters), the addition of complex

161  microhabitatgi.e. texture, crewves, pits, water retaining, holes, small elevations, large
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elevations, seeding) to urbarfrastructure woud produce an overall positive effect on the
number and abundances of species for specific functional groups (sessile, molfile, bent
fish) and haltat-forming taxa (barnacles, bivalves, branching coralline, canopy algae, coral).
Nevertheless, we expected that th@gnitude and direction (positive or negative) of effects

of interventiors'on the abundance and richness of taxa would vary between habitat contexts
(intertidal and subtidaBcross which the identity of dominant stressors vatesugh time,
betweerinterventions applied tnew and existing infrastructueand among functional

groups of erganisms, reflecting variation in their niche requirements, and body size.

M aterials and nethods

Literature search

We searched the literature using Google Scholar and Web of Science for maveiguret
mensurative field studies in intertidal and subtidal estuarine and coastal marine systems that
examined the ecological effects of addimgrohabitatdo urbaninfrastructure (i.edirectly

to structures oto settlement panel®ither during construction or by retrofittinghe search
terms included.(‘microhabitats*: textureyughness* crevices*, cuts*, fissures*, grooves?*,
pits*, rockpeols*, tidal pools*, rock pools* flowerpots* holes*, ridges*, elevations*, totyers
raises*,‘relief*, mimic*, rope*, ribbons*, brushes*’) and (‘seeding*, transplants*, pight
epoxy*, glue*sabitatforming*, barnacles*, bivalves*, mussels*, oysters*, canopy*, kelps*,
coral*, branching coralline*, corticated turf*, branching turf*’) on (‘artificialitat*,

artificial reefs*, artificial structure*, tiles* or settlement plates*’). We also deatc¢he

reference and citation lists of each article identified using the same search terms.

We selected studies for the analyses that comgmateeeen otherwise similar urban
infrastructure with and without the intervention: (1) the number of speciemperrea (i.e.
species density); (2) the abundance of all species within one or more fungtimunad:

sessile algaeand invertebrates (hereafter ‘sessile’), mobile invertebrates (hereafter ‘mobile’),
all sessilealgae and sessile and mobile inverteb@mbined (hereafter ‘benthic’) and fish
(hereafter/fish); and/or (3) the species density and total abundance of kegt-atoiting

taxa(see Table,1 examplesjor each study, the nature of the intervention was classified
according to whethat addedexture, crevices, pits, intertidal water retaining features,

subtidal holes, elevations, or habitat-forming species (see Table 1 for defjnitiamban

infrastructureFor studies that tested the effects of multigfees ofintervention orsingle
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types of interventionacross multiple sites each intervention and site was used as a replicate
for the analyses (see below for further details).

Data extraction

We found 388 studies through the literature search, from whiclwéf®suitable for

inclusion in our metanalysis (Table S1) after exclusions (i.e. lack of controls, data on single
species ora subset of species from a functional group, confounding with other, factors
relevant data not presented either in text or graghk3t of the sudies used is provided in

the Data sources sectiofor each study, we recorded the sample size, and the mean and
standard deviation (when reported) of the number and/or abundance @irezinal group

on urban infrastructure receiving the intervention and on otherwise similaniputzed
substrate (control). In instances where data were presented in the figures, we used GetData

Graph Digitizer version 2.25.0.32Wvw.getdatagraph-digitzer.comto extract means and

standard deviations. We also recorded the geographical location of each study, the time
interval after which the invention was fitted or built (in months; hereafter ‘time’), the type of
interventioneither retrofitted or built (hereaftemethod), the area across which the
intervention,was applied @rand the dimensions of the unit of intervention (i.e. depth of
crevices, pits, holes, intertidal water retaining features and height of elevatiamestéiad

forming taxa)swhere available.

Data analysis

For studies reporting means, standard deviations and sample sizes (or from vaactathe

could be extracted from figures), we calculated the effect size of the various interventions on
variables ofinterest (i.e. abundance and number of species) as Hedge’s g standard mean
difference (SMD) (Hedges 1981). We chose the SMD effect size in theameigsis rather

than the log.ratio because these data contained many zeros (i.e. no species observen and/or
variance observed between replicates within the same treatment), (Borehate2®10).

For the analysis, the effects of interventions were tested against the control using a random
effects model as there was significant heterogeneity betweenss(ddtermined by

measuring heterogeneity i@ochran’s Q, and testing it against:aistribution with Rl

degrees of freedom, where n is the number of studies). The model was fitted using the

Hedges random effects estimator (Hedges 1981).
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For studies that tested the effect of interventions at different sites, we treated each site as a
separate study in the medaalysis. We tested for links between these by adding study
identity as a moderator in the model. When sites from the same stueljinked, the results

were adjusted by adding study identity as a moderator in a multilevel randors efteiz|.

For each functional group and habitatming taxa we assessed how thagnitude and

direction (positive or negativef effects varied wh the size of the intervention areaz(nthe
depth or height of the unit of intervention (either the depression or elevation in mm to m), the
time after implementation dhe intervention thanonitoringwas done (months), method
(retrofitted or built) ad differences between zones (intertidal or subtidal) and the type (Table
1) by adding these terms separately, as moderators in the models. Similarlghftypesof
intervention, we assessed htive magnitude and directiarf effectsvariedacross the

functional groups or habitat-forming taxa by includintgrventiontype(Table 1) as

moderators in the modelBor the water retaining features, only data on the species number
was presented in the studies, and not the species abundances. Therefoudd wet

compare the.effects of water retaining features on spaliexlances to the other

interventiong(i.e: texture, crevices, pits, small elevations, or seeding) in the analyses.

For studies that did not present the variance between replicategbstéuted in the

maximum standard deviation from studies on the same intervention (Furekalw2006;
Strainet al.2014). There were no detectable differences in effect sizes between the studies
with and without standard deviations (based on overlapping 95% confidence intervals). We
also tested and found no differences in the effects of the microhabitats between the

manipulative (97%) or mensurative (3%) studies (data not shown).

We checked.whether there was a significant correlation between the effect size and sample
size, as a measure of publication bias using qualitative tests (weighpedrcg histogram,

funnel plotssand Q@ normality plots of effect sizes). We also assessed the number of studies
required toasincrease thevalue to above 0.05, using the Rosenthal’'sdafe number test

(Tables SZ3).JAll analyses and plots were undertaken using the R paakatggfor

(Viechtbauer 2010) in R gui 3.1.1 (R Core Team 2016).

In addition, we undertook a qualitative review that included studies that did not piatent

that could be extracted for the analysis (i.e. only written statements about their results). For
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262  each type of intervention, we calculated the proportion of studies reporting sighifersus

263  nonsignificant results. We tested foiffégrences in the proportion of significant studies

264  between intertidal and subtidal zones, or among functional groups or habitat-forsaing ta
265  using x2 proportions tests.

266

267  For both the overall metanalysis and qualitative review, we used the data fromnhe f

268  sampling period of each study. We only performed analyses on interventions with three or
269  more studies (Tables ).

270

271  Results

272 Of the 109studies from which data were extracted¥@f®cused on texture and 21% on

273  crevices. The remaining studies, focusedits, water retaining features, subtidal holes,

274  small elevations, large elevations and seeding, each contributed betd2%nt8 the total

275  number of studies used in the review. 67% of studies described intengathiat were

276  retrofitted to existingtsuctures, with the remainder describing interventions that were

277  incorporated.at.the design stg@able S1) Of the studies describing interventions at the

278  design stage, 72% were on artificial re@fable S1) The studies were not evenly distributed
279  around the globe (Fig. 1) and much (608k}he research was conducted in Australia

280 (Sydney), Israel' (Red Sea), Europe (various locations) and North Ameritaqasts.

281

282  The studies were published between 1946 and 2016, with a sharp increase in number through
283  time, mainly between 1990 and 2016 (Fig. 2). This trend is likely to be driven in part by the
284  increasing urbanisation of marine coastlines across the globe and the strong associated
285 interest in eceengineering approaches. Each intervention type hadesfoom multiple

286 laboratories, years and countries, indicating the review conclusions areongtydtiased

287  towards an.individual country or time pofifitable S1)

288

289  Most typessofintervention (all but the addition of large elevations) signifjcanhanced the
290 number and/or abundance of species for at least one key functional group and/or habitat-
291  forming taxonielative to the control (Figs. 3, 4, 5; Table§§21interestingly, in only one

292 instance the addition of texture to the subtidalvas tle abundance of a group (the

293  barnacles) significantly reducedative to the control (Figs.-8). The most effective

294  interventions in increasing the number of species were water retaining features (mean [tSE]

295 difference for sessile and benthic species0=t4.4) and intertidal pits (mean [£SE]
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difference for benthic species = 4.7 £2.1) and to a lesser extent intertidal crevices (mean
[+SE] sessile species = 2.2 £1.6), and subtidalistétventiongmean [£SE] difference in

fish species = 1.6 £2.0) andeskng (mean [£SE] difference in sessile and fish species = 2.4
+2.8). There wereno detectable differences in effects of retrofitted or built interventions on
the numberorabundances of species, so these methods were pooled for the final analyses
(Tables S2S3).

For many of the interventions (texture, crevices, pits, subtidal holes,amadtions and

large elevations, soft structures and seedithg) area of the intervention had a weak non-
significant'positive effect on the number of spe€iesble S2S3). In contrastfor intertidal

water retaiing featuresthere was a significant positive effect of intervention area on the
number of spec€ies for each of the functional grqiijpble S2)There was no relationship
between area ofiinterventi@md abundances of species for any of the intervenfi@ides
S2S3). As predicted, the effect of most of the interventions (texture, crevices, pits) differed
between zones (Talll&2-S6). In contrast, there were no clear effects of the height or depth
of the unit of.manipulation (i.e. depression or elevationthetime (months) of the

intervention,on.the species number or abundéhables S2S3).

Overall the results from the metdsalysis and the qualitative review showed similar trends
(Table 2).For each intervention we highlight the results of the raetysis where available
and the results from the qualitative review where there was insufficient information presented

to undertake the metmalysis.

Effect of intervention type on the number and abundances of species by functional group
The efficaey of the interventions in enhancing the species number and abundance of key
functional groups varied among categories (Figs. 3, 4; Table S4-S6). For sessiierus,

the metaanalysis demonstrated that crevices, water retaining features, or seeding in the
intertidal zonesresulted in greater increases in the number of species than any of the other
interventions tested, in either the intertidal or subtidal zone @®.0, p <0.001, Fig. 3,

Table S2. In“centrast, the cover of sessile species displayed a greater positive response to
intertidal seeding and the addition of subtidal texture than to the other intense(@= 8.3,

p = 0.049, Fig. 4, Table S3). For the mobile species, the qualitatieswind that a

greater proportion of studiessplayed significant effects aftertidal crevices, pits or

subtidal holes on abundances (y23= 10.4, p = 0.015) but not numbers of species (23=7.3, p
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> 0.05), relative to the other intentions (Figs. 34; Tables S45). For fish, the meta-
analysis suggested subtidal soft features and seeding were most importantriomgnibaih
the number (Q= 36.0, p <0.001) and abundances of specigs (5.6, p = 0.004) relative to
the other interventiatestedqFigs. 3, 4; Tables S33). As expected, the qualitative analysis
also showed thah a greater proportion of studiestertidal water retaining features
enhanced the number of fish species as compared to the other interventions assessed (y24 =

12.7, p = 0.013; Fig. 3; Table S4).

Across the different interventions, intertidal water retaining features and seeding (irrespective
of zone) were the only habitats that significantly enhanced the number of pecnestiple
functional groups (Figs. 3, 4; Table S4). The natalysis demonstrated that intertidal water
retaining features significantly increased the number of sessile, benthic and fish species, but
not mobile species relative to controls, €®.2, p = 0.036, Fig. 3, Table S2). Seeding

resulted in a significantly higher number,€13.4, p = 0.009) and abundance£@6.8, p

<0.001) ofiintertidal sessile species and subtidal fish but not intertidal mobile species
subtidal sessileSpeciésigs. 3, 4; Tables S33).

In contrast, the addition of texture, crevices, pits, subtidal holes or soft steuctwndoan
infrastructureanly enhanced the species number or abundance of a single functional group
(Figs. 3, 4; Tables 1, S2). The meta-analysis showed the addition of subtidal texture only
significantly enhanced the cover of sessile species (Bigs.Table S2). Intertidal crevices
increased the number of intertidal sessile species and pits increased the number of benthic
species, but the qualitative analyses sugddsd¢h of these interventions in many studies

also resulted in higher abundances of mobile species (Figs. 3, 4; $able4. Subtidal

holes only significantly increased the abundances of mobile species (Figs. 3, 41T &3gs
while the addition of soft habitats significantly increased the number and alwessdat fish
species (Figr3;4; Tables 1, S33).

Effect of intervention type on the number and abundance of habitat-forming taxa

As predicted; many of the interventions significantlgréased the abundance of habitat
forming taxa (Fig. 5; Tables S3, S6). For barnacles (R8, p = 0.049) and bivalves (€

8.8, p = 0.048), the meta-analysis showed the addition of intertidal crevices and pisiresult
in higher cover and/or cowntelative to the other interventiotested (Fig. 5; Tab$eS3. In

contrast, for corals, the addition of subtidal pits had the greatest benefitghef a
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interventions considered (© 10.5, p = 0.006; Fig. 5; Tall&3. The qualitative analysis
also showedh a greater proportion of studies the addition of texture resulted in increased
cover of branching coralline (325 = 18.0, p = 0.003; Fig. 5; Tald&6), while small elevations
lead to higher cover of canopyrming algae (¥25 = 18.0, p = 0.003, Fig. 5; Tab&0)

relative to'the'other interventions tested.

Overall, the addition of pits had the greatest benefits for multiple groups tditki@ioming
taxa (Fig. §; Tables S3, S5). The matalysis showed intertidal pits significantly increased
the abundates,of barnacles arfmvalves(Q.= 88.7, p <0.001, Fig. 5, Table S3nher
gualitative review suggested this intervention could also lead to higher covanohioyg
coralline algae while subtidal pits significantly increased the coveswnts of barnacles,
branching coralline algae and corals (Fig. 5; T&f)e The addition of texture to the
intertidal resulted in significantly higher counts and cover of barnacles, bmgrairialline

and slightly more bivalves and in the subtidal increased cover of branching calgaee

but there were no detectable effects of this intervention on the other tax8q(J, p <0.001;
Fig. 5; Table.S3). Crevices had significantly higher counts of barnacles and cowsl\zédi
when situated.in thimtertidal, but there were no detectable effects of this intervention on
other intertidal taxa or in the subtidal.€)25.0, p <0.001; Fig. 5; Table S3, S5). The
gualitative analysis shadthat a greater proportion of studies demonstrated intertidal water
retaining features resulted in significantly higher numbers of species ohbrgroralline

and canopyferming algae (2, = 11.9, p = 0.008; Fig. 5; Tab&®), and small elevations
increased the cover of intertidal canefpyming algae (x22 = 5.6, p = 0.049; Fig. 5, Tab&6)
relative tothe other interventions. Interestingly, there were no clediite@ieseeding on the
abundances of new recruits of bivalves, coral or cariopyging algae (Q= 2.4, p >0.05;

Fig. 5; Table S3).

Discussion

The effectivesuse of eeengineering as a tool for enhancing the habitat value of urban
infrastructure requires knowledge of when and where interventions have greatest influence.
Despite this;"most eeengineering studies in marine environments have focused onla& sing
type of microhabitat-enhancing intervention, at one orde@s(e.g. Chapman & Blockley

2009; Browne & Chapman 2014; Firhal.2014a). Studies in natural systems demonstrate
how the responses of species assemblages to microhabitats can vary across environmental
gradients (e.g. Firtbt al. 2014b; McAfee, Cole & Bishop 2016) and among taxa (e.g.
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398 Bateman & Bishop 2017). Our studsopides the first crosstudy, quantitativassessment of
399  how the effectiveness differentinterventions applied tmarine urbannfrastructure varies

400 among groups of organisms and environmental setthgpredicted (see reviews by

401 Daffornet al.2015; Dyson & Yocom 2015; Firtht al. 2016a), overall microhabitat-

402  enhancing interventions had a positive effect on the abundance and number of species across
403  the studies. Nevertheless, the magnitude of their effects varied considerahlygefo to

404  highly pcsitive according to the type of intervention, the target taxa, and tidal elevation.

405

406 In the intertidal, thermal and desiccation stresses have long been implicatth@n s

407  distributional limits (e.g. Wolcott 1973; Harley 2003) and the persistence ofisnggacan be
408  contingentionthe availability of microhabitat refugia from such stressors (Siktran

409 2011, Firthet'al.2016b; McAfee, Cole & Bishop 2016). Perhaps not surprisingly then, the
410 intertidal interventions with the largest influence on sessiganisms, including barnacles,

411  bivalves, branching coralline and canopy-forming algae, and on mobile organisms, were
412  crevices, pits, and water retaining features, each of which provide shading anoemoist

413  retention atlew.tide (Fig. 6, Table 5, Garrit984; Underwood & Jernakoff 1984). Similarly,
414  fish, whichiin'the absence of water retaining features cannot persist in the intertidal zone at
415 low tide; were strongly influenced by water-retaining interventions. In contnashddition

416  of small elevationsad little, if any, effect on intertidal organisms, despite their capacity to
417  enhance surface area for attachment. In the intertidal, the groups of orgduaisresponded
418  most strongly to a particular type of intervention were those whose body size melst clos
419 matched the dimensions of the unit of intervention (Fig. 6, Hacker & Steneck 1990;

420 McAbendrothet al. 2005). For example, smadtale enhancements, such as adding texture,
421  pits and crevices, were most effective for smaller bodied organisms such as barnacles and
422  bivalves. In contrast, larger interventions such as rock pools could also supporspeces

423  such as branching coralline, canopy-forming algae and fish (Fig. 6).

424

425  Similarly, subtidal interventions that added depmess as opposed to elevatipgenerally

426  had greatest positive effeais the majority of taxa. Whereasthe intertidal such

427  interventions'serve to retain moisture, in the subtidal they may be more important in

428  providing refuge from large-bodied predeagcsuch as fish, which can exert considerable top
429  down control on the biota on marine infrastructure (Connell & Anderson 1999; Clynick,
430 Chapman & Underwood 2007; Ferragbal.2016). Depressions can also serve as protection

431 from high wave exposure that can challenge the attachment strength of organisms and
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interfere with feeding behaviour (Moschediaal. 2005; Bulleri & Chapman 2010). In

contrast, he elevatedtructures formed by seeding marinéastructure with largéodied
habitatforming taxa or soft structurée.g. rope) had greater positive influence on subtidal
fish than depressions. Such larger-bodied taxa may not fit within the boundsedsiens,

and instead;levatedstructures may provide shelter and food resources for these (Hair & Bell
1992; Fernandeet al. 2009). However, in the subtidal, a relationship between the &iady-

of organisms and the dimensions of the interventions that produced the moge Edtatt

sizes wasmot demonstrated (Fig. 6).

Although most of the eco-engineering interventions that we reviewed manipulated
microhabitats‘through the addition and/or subtraction of abiotic habitat, approaateddh

biotic microhabitat through seed) with habitatforming species may serve to provide

additional benefits (Dafforet al.2015). Not only may such interventions add habitat, and
mitigate the effect of abiotic and biotic stressors on associated organisms (Dafforn, Glasby &
Johnston 2012), but they may also play an important role in carbon sequestration (e.g.
macroalgae)s-hutrient cycling and/or maintain clean waters (e.qg. filter feeders). Nevertheless,
the establishment of habitidrming taxa remains a chalige on some urban infrastrueu

(Bulleri & Chapman 2010). For example, while transplant of the canopy-forming algae
Cystoseira barbat@nto breakwaters is technically feasible, survivorship can be limited by
grazing, which'is more intense than on natural rocky reefs (Perkol-leh&keR012; Ferrario

et al.2016). Additionaly, because the location wifrastructure is often in areas that suffer

from high pollutant loadings and poor water quality, environmental conditions mayhanit t
growth and survivorship of habitat-formingesies (Falace, Zanelli & Bressan 2006;étg

al. 2015).

Although.our.metanalysis demonstrated predominantly positive effects of microhabitat
interventions'on'the abundance and number of species of key functional groups of organisms,
very few ofithesstdies identified and analysegkovided assessment of the proportion of

species that'were nativeon-native or cryptogenic (of unknown origin; e.g. Dafforn, Glasby

& Johnston2012; Sella & Perkol-Finkel 2015). In highly urbanised environments, with a

long history of shipping and exploitatiaime high proportion of specigblat arecryptogenic
cancomplicatesuch assessmenBishop & Hutchings 2011Neverthelessjespite such

difficulties, a large body of literature suggeststthabtidal urban infrastructuresipport

morenonnative speciethan nearby rocky reefs (Dafforn, Glasby & Johnston 2012; Airoldi
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et al.2015) and sedimentary habitéitteeryet al.2017).Assessing the extent to which
native, non-native and cryptogenic species benefit from interventions would helpttyide
maladaptive scenarios which lead to proliferation of unwanted pest species, as well as
approaches that limit such risk. For example, interventions that manipulate mitabhabi
through the=addition of biotic (i.e. habitat-forming species) as opposed to abiotiarstruc
may lessenisk of rapidly colonising pestpecies fromn dominating structures, by pre-empting

space thathey may otherwise occupy (Dafforn, Glasby & Johnston 2012).

Our analysis revealed that the majority of eco-engineering interventions involebespale
shorttermmanipulations of individual microhabitat types. These sswle interventions do
not recreaté the properties of contiguous natural habitats, due to their com|yaicatipee
edge to interiorratios and small areas (Bender, Contreras & Fahrig 1998emtitsat the
scale of the entirstructure remain rare, and consequently, our knowledge of how
biodiversty benefits relate to the scale of the infrastructure resnamor.As somemobile
species, such as grazerdish, might require a minimum habitat area in order to effectively
forage(Perkinset'al.2015) it is expected that a positive relationship between the area of
interventions ‘and their effect on biodiversity might emerge as |lagge-interventions are
attemptedAdditionally, because the majority of monitoring associated with such
interventions.was also at the patch scatel rarely extended beyond 12 months (but see
Ferseet al.2013) ouunderstandingvhether such eecengineering approaches have
biodiversity kenefits that extend beyond the site of the interverdiaover longer timeframes
remains largely unknown. None of the studies tested the benefits of providing habitat
compgexity at multiple scales

The studies assessing the efficacy of-engineeringnterventions came primarily from
developed countries in North America, Europe and Australasia. Although this may be a
function of*bethithe distribution of coastal ecologisisnitoringecoengineering
interventionsyand the distribution of eco-engineenmegrventionghemselves, we suspect
that the latter IS the key driver of this ncandom distributionln terrestrial environments,
socioeconomig,status is a key indicatotha uptake of ecengineering interventions such as
green walls and roofsyhich correlates witliactors such as level of education, willingness to
pay for environmental improvements, and the resources available for creating arcatologi
ideal (Kinzig et al. 2005; Francis & Lorimer 2011While such studies are not yet available

for the marine environment, we expsanilar driversfor the uptake ofmarine ece
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500 engineering. Qantification of the economic benefits of marine-eogineering interventions
501 relative to any additional costs assted with their incorporation into structures wohtlp

502 to increasehesupport for broadeseale implementation.

503

504  While theeceengineering of marine urbanfrastructure has made significant advances in
505 the past few decades, there has bea consideration ohow specific local scalabiotic

506 factors(e.g. pollution, temperature, wave exposunebiotic interactionge.g. predation,

507 competition, facilitatiohinfluence species interactions and distributions (Bulleri & Chapman
508 2010). Ths_is despite predictions of ecological theory that positive interactions will

509 strengthen.across gradients of biotic (e.g., competition, predé&mlitation) and/or abiotic

510 (e.g., temperature, desiccation) stress, while negative interactions will w@akaress &

511  Callaway 1994). Although our review clearly shows that the effects of compleshahitats

512  are generally positive, the differing effect size of many of the interventions between intertidal
513 and subtidal zones, and between groups of specgdgighits the important role that

514 interactions with the environment can play in determining the outcome of eco-emgneer

515

516 The goals'of ec@ngineeringnayrange from enhancement of biodiversity, to enhancement
517  of specificecosystem services, such as fisheries productoatjpon sequestration,

518 maintenance.of watetarity and/or nutrient cycling (Chapman & Underwood 2011). The

519 results of this metanalysiswill assist managers and stakeholdarglentifying solutions

520 that kest match their specifgoals. As different groups of organisms responded most

521  strongly to different types of intervention, eengineering projects aimed at maximising

522  biodiversity might benefit from the creation of a variety of different types ofoméditats

523  on any given structure, that increase the breadth of niche space available tar@ganis

524  (Connor & McCoy 1979)ln contrast, projects aimed at enhancing fisheries productivity may
525  wish to target.those interventions - the addition of wegaining features to the intertidal or
526  habitatformingspecies or structural mimics to the subtidddat maximise fish abundance.

527 Neverthelessystudies examining the efficacy of@ugineering interventions in enhancing

528 ecosystemsservices are raaed only one study (Loke & Todd 2016) has tested the effects of
529 utilising mosaies of multiple types of interventions. However, this study did not quantify the
530 benefits of adding a mosaic ioterventionsvs. individual interventions for enhancing the

531 richness fomultiple functional groups or habitat-forming taxa (Loke & Todd 20E&yther

532 research is urgently needed on these topics. Recent advances in computation design software

533 and three-dimensional printing technology now allow for bespoke eco-engineering designs to
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534  be cheaply and readily developed for individual sites (ledkad. 2014). Such techniques also
535  offer great potential for rereating structures/giaces that are more akin to natural

536  shorelines.

537

538  Althoughrthesresults of this study indicate that-engineering interventiorenhancehe

539 abundanceé and richness of ecological commurassciated with urban infrastructuitais

540 unclear to'what extent these interventianisgate the impact of replacing natural with

541 artificial habitat In additionto localscale impacts on biodiversity, urban infrastructtae

542  impact ecological processes over larger scales by modifying ecological connectivity (Bishop
543 et al.2017)andthrough the cumulative effects of multiple developniBethier, Toft &

544  Shipman 2016)Given that eceengineering interventions are unlikely to fully compensate for
545 impacts of urban infrastructurdyet feasibility of ‘naturébased’ approaches, which entail

546  restoation, conservation or creation of habitats that provide the desired functions of

547 infrastructure, should first be investigated prior to the decision to build new structures

548  (SuttonGrier, Wowk & Bamford 2015; Dethier, Toft & Shipman 2018)here it is not

549  possible to.aveid the consttion or removal of infrastructurecoengineering approaches,

550 whichare mindful of site characteristics, the local species pool, and projectgaraksssist

551  in minimising the ecological footprint.
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Table 1: Categories of intervention defined for the meta-analysis and qualitative literature

review.

Classification Description

Texture micro-scale manipulation applied to an
entire intertidal or subtidal surface that| &
produces depressions anddaises of <1
mm

Crevice intertidal or subtidal depression with a
length to width ratio >3:1, and depth of
>1 mm

Pit intertidal or subtidal depressions with g
length to width ratio <3:1 and depth of
>1 mm to 5 cm. This may or may not

hold water.

Intertidal water " | intertidal depressions or features a) flowerpot

>

retainingfeaturey including a) flower pots and b) rockpog
with a length to width ratio <3:1 that
hold water (>5 cm depth) when the tide

retreats

b) rockpools
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Subtidal’holes™

g

subtidal depressions with a length to
width ratio <3:1 and >5 cm depth

Small ele

il
O
)
s
C

S
=

intertidal or subtidal protruding
structures (i.e. raises, ledges or ridges) >
1 mm high and < 0.5 m high in

dimension

Large ele\stions

O
L
e

intertidal or subtidal protruding
structures (i.e. raises, ledges, ridges) > @
0.5 m high in dimension

Soft structures

<

subtidal flexible, protruding materials
such as rope, ribbon or twine (>0.1 m i
length)

Habitat-forming

taxa that provide structural habitat to
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taxa

associated organisms (i.e. barnacles,
bivalves, coral, canopy-forming algae,

branching coralline algae)

Author I\/IanusmLipt

This article is protected by copyright. All rights reserved




Table 2: Outcome of meta-analyses and qualitative (underlined and in brackets) review. For each intervention we highlight the results of the
meta-analysis where available and the results from the qualitative review where there was insufficient information presented to undertake the
meta-analysis (see figures for full results). Interventions are scored according to whether they had significant positive (+), negative (-) or non-

significant«(ns) effect&t o = 0.05) relative to controls.

Response Number of species Abundance of species Number of species or abundance of habitat-forming taxa
Branching Canopy

Microhabitat Sessile] Mobile | Benthic| Fish| Sessile] Mobile | Benthic| Fish| Barnacles Bivalves| coralline algae Coral

Intertidal

Texture (ns) + + - + (ns)

Crevice + ns ns + (+) ns + + ns

Pit + (+) ns + () (*) ns

Small

elevation ns ns ) ns ()

Water-

retaining + ns + *) ns ns + +

Seeding + ns ns (ns) ns

Subtidal

Texture (ns) + - + + (ns)
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Crevice ns ns ns ns ns

Pit (ns) +
Hole ns + ns

Large

elevation ns +

Seeding ns + ns ns ns ns ns ns ns
Soft structure + +
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